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A s  an  element i n  a control system the human p i l o t  operates, i n  general, i n  
a nonlinear and time-varying mnner. I n  many s i tuat ions,  however, h i s  on-the- 
average responses can be represented by a quasi-linear m o d e l  such as that shown 
i n  Fig. 1 .  The describing function component of the quasi-linear model gives 
that portion of the p i l o t  response which i s  l inear ly  re lated t o  the system 
input. The remnant i s  then the reminder of h i s  response, i .e . ,  that portion 
which i s  not correlated l inear ly  with the command input. 

For single-loop compensatory tracking s i tuat ions the quasi-linear model i s  
well  developed; the most detailed recent treatment i s  provided i n  Ref. 1 .  
Current re$earch a c t i v i t i e s  are directed a t  expanding the model i n  several 
areas-pursuit tracking, multiloop control tasks,  and m u l t i m o d a l  p i l o t  inputs. 
The work reported i n  t h i s  paper deals with the  expansion t o  multiloop s i tuat ions.  

A t  the  outset  of t h i s  progmm there had been several  investigations i n  which 
hunrtn operator describing function measurements had been mde i n  multiaxis s i tua-  
t ions  (Refs. 7-9). 
and appropriate (based on d a t a  results) block diagram structure  of the p i lo t /  
vehicle system was that  shown i n  Fig. 2. 
single-loop," and the determination of the operator 's  describing function f o r  
each of the loops i s  quite simple, i .e., 

In  these studies the assumed ( fo r  data analysis purposes) 

Such a system can be termed "multiple 

where Qi i s  the cross-spectral density between i1 and cl, e tc .  1 1  
Multiloop systems d i f f e r  considerably from multiple single-loop systems, 

and represent a higher leve l  of pilot/vehicle complexity. 
loop systems, with a c lass i f ica t ion  based on the degree of coupling i n  the 
human control ler ,  a r e  shown i n  Fig. 3 .  
these and the multiple single-loop systems mentioned above is  i n  the in te rax is  
coupling inherent i n  the controlled-element dynamics. 
system which i s  of cent ra l  i n t e re s t  here. 
series there were no hurnan operator describing function data available f o r  
such s i tuat ions.  

Examples of multi- 

The fundamental dis t inct ion between 

It i s  t h i s  kind of 
Unti l  the  present experimental 



In  spi te  of the data deficiency, p i l o t  models f o r  multiloop s i tuat ions,  
based on a rat ional  extension of single-loop resu l t s ,  have been i n  use f o r  
several years. 
cations, e.g., Refs. 2- 6. 
i n  these application studies have provided both incentive and context f o r  
experimental measurements of p i l o t  dynamics i n  multiloop mnual  control systems. 
A s  a result, the experimental program described here was undertaken t o  provide 
data essent ia l  f o r  the development of detai led adjustment rules,  loop closure 
c r i t e r i a ,  and other aspects of m o d e l  refinement. 

Some of these have been quite successful i n  a number of appl i -  
Nonetheless, questions and uncertainties uncovered 

It can be shown that, i n  general, the  number of measurable p i l o t  describing 

For example, with the two inputs and two p i l o t  out- 
functions i s  equal t o  the number of uncorrelated inputs times the number of 
p i l o t  outputs o r  controls. 
puts of the cross-fed multipoint control ler  (Fig. %) the  equations f o r  the  
p i l o t  outputs a r e  : 

C1 YPllel + YP$2 + "1 (3) 

c2 = YPel el + YP22e2 + "2 (4) 

By taking the cross-spectra of the quant i t ies  i n  Eqs. 3 and 4 with each input, 
one obtains four equations of the form: 

Q i i c j  , i, j = 1 ,  2 ( 5 )  

These can, i n  principle, be solved f o r  the four (two uncorrelated inputs times 
two p i l o t  outputs) describing functions Yp 11 J yp12> 

Two of the four equations involve cross-spectra with the first input and 
the other t w o  equations contain cross-spectra based on the second input. 
the inputs are  composed of sums of sine waves, they are uncorrelated only if 
t h e i r  components are a t  different  frequencies. Consequently, the four  cross- 
spec t ra l  equations cannot be evaluated a t  the  same frequencies. To solve the  
four equations simultaneously, it would be necessary t o  do one of the following: 

When 

0 Interpolate the cross-spectral measurements t o  obtain 
values of the cross-spectra a t  the  s a m e  frequencies fo r  
dll four equations. 

0 Interchange the frequencies of the  inputs  and rerun the 
experiment so that data a re  available a t  the s a m e  
frequencies fo r  a l l  the cross-spectra. 

If, on the other hand, the p i l o t  crossfeeds, Y P , ~  and Y P ~ ~ ,  were not present, 
then t h i s  problem would be eliminated. 
t h i s  d i r e c t  multipoint control ler  i s  characterized by one input and one output, 
only one system input would be needed t o  determine the  two p i l o t  describing 

In f ac t ,  because each "pi lot  box" i n  
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. functions. mese would be given by the simple relst ionships 

Qic2 
Ypz = - 

%e2 
(7) 

Intermediate between the d i rec t  multipoint and cross-fed multipc-llt 
controllers i s  a system wherein only one crossfeed is  present. This is  shown 
in Fig. 4 with the crossfeed Ycf shifted t o  the output of the series p i l o t  box. 
I n  t e r m s  of the cross-fed multipoint controller quantit ies,  Ycf i s  Yp2,/Ypll 
W i t h  only one input, Ypll can still be determined expl ic i t ly  because Eq. 6 
s t i l l  holds. 
explicitly; instead, t h i s  cross-spectral r a t i o  contains both Yp 

The cross-spectral r a t i o  of Eq. 7, however, no longer gives Ypa  
and Yp 

i.e., 22 cf’ 

where r2/cl and r2/c2 are vehicle open-loop t ransfer  functions. Consequently, 
the  effect of the crossfeed cannot be separated from that of the loop closure, 
except implicit ly,  if the task involves but one forcing function. 

From the  standpoint of evolutionary development of p i l o t  describing function 
da ta ,  the  ideal experimental situa.t;ion a t  this pioneering stage would be the 
d i r ec t  multipoint controller with one forcing function. 
a net  advance over previous studies without the necessity of a complicating and 
perhaps unreaUstic secondary input. On a more tangible and prac t ica l  level ,  
any multiloop experiments are f’undamentally res t r ic ted  i n  scope by the equip- 
ment and d a t a  reduction apparatus available. 
consideration made single-input tasks most desirable. Thus an important 
implici t  c r i te r ion  in our control t a s k  selection was t o  avoid controlled 
elements which demanded Yp12 and Yp21 crossfeeds f o r  t h e i r  control. 
nei ther  crossfeed should be present, although t h i s  was recognized as perhaps 
too dxastic a departure f r o m  r e a l i s m .  
presence of crossfeed can be detected readily f romthe  cross-spectral measure- 
ments when these are compared with analyt ical  predictions, and some insight  can 
be gained in to  the nature of the Ukely crossfeed by implicit  techniques. 
Consequently, our consideration of measurement and analysis limitations 
suggested t h a t  the control task selected involve 

This would consti tute 

I n  OUT part icular  s i tuat ion t h i s  

Ideally, 

Even with j u s t  one conrmand input the 

0 A single forcing function 

0 A controlled element which ideal ly  would be controlled 
as a d i rec t  multipoint controller, o r  which, a t  worst, 
required no more than one crossfeed i n  the h m n  p i lo t .  
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Belectioa C r i t e r i a  

As a f i r s t  step i n  experimental planning several c r i t e r i a  w e r e  established 
t o  guide the selection of the specific control tasks  t o  be used in the experi- 
ments. The f irst  two c r i t e r i a  are noted immediately above. 
added the following: 

To these were 

0 A t  least two versions of controlled-element aynamics are needed, 
corresponding t o  single-loop and multiloop control, respectively. 

0 For the  single-loop task the  controlled-element 
dynamics should be similar t o  those of the outer 
loop i n  the multiloop s i tuat ion so that the  two 
conditions can be compared. The dynamics should 
a l s o  be similar t o  those of previous single-loop 
experiments (e.g., Ref. 1 )  t o  allow a t i e - in  with 
previous data .  

0 The multiloop configuration(s) should be such that 
d i rec t  control of the c o m n d  input i s  impossible 
without the addition of a secondary o r  inner loop. 
Ideally, the dynamics should be such that with 
these loops closed by the p i l o t  the resul t ing 
outer loop character is t ics  are similar t o  those of 
the single-loop version. 

0 For the multiloop task there should be a t  least two inner loop 
closure poss ib i l i t i es  available t o  the p i l o t  so that  the feedback 
selection hypothesis (Ref. 13) can be tested. This hypothesis 
states tha t  given a number of inputs and possible outputs, the 
p i lo t  w i l l  se lect  those feedbacks which give him the  best  dynamic 
perfornrtnce w i t h  least p i l o t  e f fo r t .  This can be demonstrated by 
having two inner loop poss ib i l i t i e s  which differ rnarkedly i n  t h e i r  
perfornrtnce potential .  

0 To the extent possible, the controlled-element dynamics should 
impose a moderate constraint on the form of the  p i l o t  describing 
functions i n  each of the two channels. This serves t o  reduce the 
var iabi l i ty  i n  the measurements and the number of runs required 
t o  obtain accurate data (Ref .  1 ) . 

a=trollea-xlemhnt EU e a d p t  ia 

After an extensive investigation of several possible vehicle control a s k s ,  
an a i r c r a f t  control s i tuat ion consisting of a b n k  angle tracking task was 
selected. 
t ions.  
that comnd  and the ac tua l  bank angle of the  airplane was displayed t o  the 
p i lo t  along w i t h  the a i r c r a f t  y a w  rate. 
and the rudders t o  control the vehicle dynamics, which w e r e  simulated on an 
analog computer. 

Figure 5 shows the control s i tua t ion  and the vehicle dymmic eque- 
A bank angle conrmand was the  system input, and the difference between 

The p i l o t  could then use the ai lerons 
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Am, conventionally, bank angle tracking i s  a single-loop task f o r  aircraft 
w i t h  good cbaracterist ics.  Any configuration which exhibits such good handling 
qualit ies,  and which a l so  has dynamics i n  the crossover region which are similar 
t o  some set previously tested ( R e f .  1 ) , would be suitable f o r  the single-loop 
baseline condition. For the multiloop ConfigUration, the p i lo t  can be forced 
in to  multiloop behavior by miking the dutch roll mode dynamically unstable. 
l h i s  can be done in such a way t h a t  there is  no equalization which the p i l o t  
can adopt t o  allow h i m  to stabi l ize  the dutch roll mode w i t h  only a bank-angle- 
to-aileron closure. In f ac t ,  by judicious selection of the unstable vehicle 
charscterist ics the dutch roll mode can be =de slightly more unstable by the 
p i l o t  closure of this loop. This is  clearly seen in the root locus sketch of 
Flg. 6, which shows the closed-loop roots result ing from a --angle-to-aileron 
loop closure with p i lo t  behavior approxk ted  by a gain and transport lag 
describing function.* 

One pi lot ing technique f o r  control of this vehicle is  the use of a y a w - r a t e -  
to-rudder loop t o  s tab i l ize  the dutch r o l l  mode and then a bank-angle-to-aileron 
closure to perform the tracking task. 
are shown in the root locus sketches of Fig. 7, again with gain and transport 
b g  p i lo t  elements. 
not only of s tabi l iz ing the dutch roll mode but a l so  of shifting the bank angle 
zero. 
(In fact ,  the outer open-loop cbaracterist ics i l lustrated here are approximately 
those desired fo r  the single-loop conf'igumtion.) 

The effects  of this inner and outer loop 

The inner loop yaw-rate-to-rudder feedback has the effect  

The outer loop closure, Fig. 7b, is  therefore very simple t o  achieve. 

An alternate possibi l i ty  t o  control the dutch r o l l  i n s t ab i l i t y  i s  f o r  the 
p i l o t  t o  use bank -le and y a w  ra te  closures with ailerons alone. 
technique is quite in fer ior  t o  the first as remrds perfornrence. 
these closures is  sham in the root locus sketches of Fig. 8. 
ai leron closure can s tab i l ize  the dutch roll mode, but the bank angle closure 
destabil izes it such that attainable system bandwidth is severely limited. 
Consequently, tracking perfornance using the  second technique is very in fer ior  
t o  that w i t h  the yaw-mte-to-rudder inner loop. 

This second 
The nature of 

The yaw-rate-to- 

The performsnce obtainable by the yaw-rate-to-aileron plus bank-angle-to- 
a i leron control technique can be altered considelably by varying the s t ab i l i t y  
derivative 6, which i s  the amount of yaw acceleration which is produced by a 
u n l t  roll ing velocity. This is shown i n  the root locus sketches of Fig. 9. 
When i s  increased, the complex zeros of the yaw-rate-to-aileron t ransfer  
function are reduced i n  frequency so t b a t  more damping of the dutch r o l l  can be 
obtained with the bank-angle-to-aileron closure. I$ i s  also .an important cause 
of cross-coupling between the rol l ing and yawing degrees of freedom and, as 
Will be discussed fur ther  below, t h i s  consideration was a lso  important in 
setting up the final configurations. 

* The actual  pre-experiment analyses, conducted t o  guide the selection of 
controlled-element de ta i l s ,  were performed using the more cowlex humin p i l o t  
mEithematica1 models of Ref .  1 .  
only f o r  oversimplified quali tative descriptions. 
required a t  t h i s  point. 

The gain and transport lag models a re  suitable 
These are  a l l  that are 
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Although the c r i t e r i a  and considerations outlined above w e r e  suff ic ient  t o  
es tabl ish the general character is t ics  of the controlled elements i n  some detail,  
there were s t i l l  several loose ends and specifics which required resolution 
before the f i n a l  experimental configurations could be established. 
some preliminary experiments, i n  which no measurements of p i l o t  describing func- 
t ions w e r e  taken, were performed i n  the STI simulator f ac i l i t y .  
of these experiments were t o  

To this end 

The objectives 

0 Mnalize the specific de t a i l s  of the configurations t o  
be used i n  the nain experimental program (e .g., N$ and 
dutch r o l l  damping r a t io )  

0 Verify t h e  general qual i ta t ive na ture  of the pre-experimental 
analyses and ver i fy  t h a t  p i l o t  behavior would be of the 
type postulated 

0 Check the scaling and the gains fo r  both the display and 
the controls 

0 Check the poss ib i l i ty  of display sampling. 

The experimental setup consisted of a fixed-base cockpit, an amlog computer 
t o  sirmilate the equations of motion, and a cathode ray tube f o r  the display. 
The displayed quantit ies were bank angle error ,  which was represented by the 
difference between a fixed and a rotating l ine,  and y a w  ra te ,  which was repre- 
sented by the horizontal displacement of a smll spot (see Fig. 10). In  terms 
of a real-fl ight s i tuat ion the  moving l i ne  i n  F i g .  10 represents the  horizon, 
and th i s  part of the display i s  essent ia l ly  an inside-out bank angle attitude 
indicator. 
corresponded t o  t h a t  of the  top of the turn needle i n  a conventional bank-and- 
t u r n  indicator. 

The y a w  rate display was scaled so t h a t  the  motion of the spot 

For both the preliminary and mzin experiments the instructions t o  the p i l o t s  
were t o  minimize the bank angle e r ror  using whatever control technique they 
chose. When i n i t i a l l y  confronted with an unstable configuration, the p i l o t s  
found t h a t  they could control the bank angle e r ro r  very w e l l  f o r  a f e w  seconds 
using only the ailerons.  Then, as t i m e  advanced, they would notice that the 
y a w  ra te  spot osci l la ted with an ever-increasing amplitude, although t h i s  did 
not seriously a f f ec t  the bank angle tracking u n t i l  the  yaw rate got ra ther  
large. A t  t h i s  point the bank angle tracking would rapidly deter iorate  so as 
t o  make recovery almost impossible. A l l  subjects soon learned that the best 
technique was t o  simultaneously track yaw r a t e  with rudder and bank angle with 
aileron, and they would attempt t o  keep the y a w  rate very snall t o  avoid the 
problem of trying t o  recover once it got very large. 

The y a w  rate seen by the p i l o t  i s  pr inar i ly  a result of the exci ta t ion of 
the dutch roll mode, which i s  more or less a nuisance mode i n  t h a t  the p i l o t  
i s  not t r y i n g  t o  use it t o  control h i s  bank angle although he is, inadvertently, 
excit ing it in the process of t rying t o  track the bank angle commnd. 
excitation comes prinrarily from two aerodynamic cross-coupling sources-the 
y a w  acceleration produced by the ai lerons and the yaw acceleration produced by 

T h i s  
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r o l l  rate as th: a i r c r a f t  i s  rolled back and for th  t o  follow the c-. 
correspond t o  N b b  and N&, respectively, i n  the vehicle eqtPations of motion 
(pig. 5 ) .  A s  already noted, an increase i n  I$ increases the excitation of the 
dutch roll mode and a t  the 6sme time improves the performance potent ia l  of 
aileron-alone control. 
experiments in the evolution of f i n a l  conf'iguxations which were  quali tatively 
adequate in terms of the c r i t e r i a  se t  f o r t h  in the last section. 

These 
* 

It was, accol.dingly, a major variable in the pre lbdrary  

I The prel imhary experiments served a l l  their purposes i n  the resolution of 
They a lso  provided more important and general results, which can fine points. 

be sunrmarized as follows: 

The r o l l  control task hsd clear prinacy, with inner loop 
s tabi l izat ion a necessity t o  accomplish the outer loop task. 
There was no.apparent tendency, o r  need, t o  cross-feed rudder 
t o  aileron. 

No evidences of display sampling were noted. 
the reports of the subjects and from visual observations of 
eye movements. 
yaw rate could be observed simultaneously through the use of 
paraf oveal vision. 

This i s  based on 

The display was such that both bank angle and 

The bank-angle- and yaw-rate-to-aileron technique was found t o  
be possible but very infer ior  t o  the yaw-rate-to-rudder and 
bank-angle-to-aileron technique. Consequently, the subjects 
w o u l d  use the former only if instructed not t o  use the rudder 
pedals. Given a choice, the subjects would always adopt the 
yaw-rate-to-rudder and bank-angle-to-aileron technique regard- 
less of the value of $,. 
A smrll  value of I$ was desirable to avoid yaw rate scaling 
problems in the display and conputer. Snrrll values of l$ w e r e  
a l so  desimble to minimize the poss ib i l i t i es  of control cross- 
feed. 
aileron-to-rudder crossfeed t o  reduce the excitation of the 
dutch r o l l  mode  produced by the bank angle tracking. 

With large values of l$ the subjects tended t o  use an 

On the basis of these preliminary experiments, three controlled-element 
configunitions were selected t o  be run in the =in set of experiments. The 
only variable between configurations was the derivative Nij which could be se t  
t o  give the several levels of dutch roll wing required. 
of vehicle ayIlamic psxameters is  given in Appendix A. 

The complete set 

$ was se t  to the l o w  value of 0.02 sec-1 for a l l  configurations. ~n 
anticipation of some of the l a t e r  results, it is worth noting that with t h i s  
value in the preliminary experiments the  impressions of the subjects regarding 
control crossfeed were divided. One subject claimed t o  be using some a i lemn-  
to-rudder crossfeed, whereas the other was sure t h a t  he was not. 
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As a result of the preliminary experiments, three basic s e t s  of controlled- 
These corresponded t o  three different  levels  of element dynamics were evolved. 

dutch r o l l  damping, l i s t e d  i n  llable I as Configurations A, B (D, E ) ,  and C. 
The r o l l  subsidence mode i s  the same fo r  a l l  configurations, and was selected 
t o  be compatible with good rol l ing characterist ics,  as indicated by R e f .  11. 
The sp i ra l  mode and dutch r o l l  undamped natural  frequency are s l igh t ly  d i f fe r -  
ent f o r  the  three configurations. 
changes i n  N$ used t o  create the variation i n  dutch r o l l  damping ra t io .  

These a re  incidental  consequences of the 

Configuration A has a stable dutch r o l l ,  so an inner loop closure is  not 
necessary. 
crossover approxinrtte the properties of other simpler systems already tested 
and reported in  Ref. 1 .  Thus, the configuration can be used t o  provide a t ie- 
i n  with these previous d a t a .  It a l so  provides a reference fo r  comparison with 
the cases i n  which the p i l o t  was forced t o  use an inner loop. Configuration B 
(D and E)  is j u s t  unstable enough t o  force the p i l o t  t o  adopt multiloop control, 
whereas Configuration C has an i n s t ab i l i t y  leve l  near the &mum controllable 
by the pi lot .  
uration could be controlled a t  a l l  f o r  the four-minute run length used. These 
three controlled-element variations therefore provide a rather large range of 
variation of dutch r o l l  damping and of required multiloop con t ro l ac t iv i ty .  

The character is t ics  of t h i s  configuration i n  the region of system 

I n  fac t ,  several practice runs were required before t h i s  config- 

The forcing function task variable was mde up of a sum of ten  s ine waves 

The vast rnrjority of the input parer was of a l o w  
with frequencies which were more or  less equally spaced lo-rithmically across 
the measurement bandwidth. 
frequency nature, achieved by se t t ing  the larer frequencies a t  one amplitude 
and the higher frequencies a t  an amplitude one-tenth that of the lower frequency 
mves. The t o t a l  effect  of a l l  was an 11118 forcing function amplitude of 11 deg. 
The bandwidth of the input refers  t o  the highest frequency of the large ampli- 
tude waves. For t h e  controlled-element variations tes ted i n  Configurations A, 
B, and C t h i s  was set a t  1.6 rad/sec, which corresponds approximtely t o  the 
q = 1.5 augmented rectangular forcing function used i n  the R e f .  1 experiments. 

I n  addition t o  the controlled-element variations with fixed forcing function 
bandwidth, a complementary series was set for th  using a fixed controlled e lemnt  
and three controlled-element bandwidths. 
urations D, B, and E. The objective of t h i s  series was t o  determine whether the 
variations of describing function with input bandwidth observed i n  Ref .  1 f o r  
single-loop tasks had t h e i r  analog i n  multiloop s i tuat ions.  

This ser ies  i s  obtained from Config- 

Measurements taken during the experiments consisted of average performance 
measures, p i lo t  ratings, and cross-spectral data. 
included mean-squared bank angle tracking error ,  $, and mean-squared yawing 
Velocity, z. The cross-spectral d a t a  w e r e  obtained using mch of the equipment 
and techniques previously employed i n  the single-loop experiments of Ref. 1 .  To 
make the cross-spectral measurements, advantage was w e n  of the sum-of-sinusoid 
forcing function. 
with p i lo t  outputs o r  other system parsmeters as signals in to  a watthour-meter 
analyzer. 
frequency are  obtained by using a component of the input and this component 

The perfornrrnce measures 

Component sinusoids w e r e  used as references i n  conjunction 

In t h i s  equipment the real and h g i n a r y  par t s  a t  a par t icular  input 
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shifted 9 deg i n  phase as reference signals t o  two watthour meters. 

etc., d e s  up the other input t o  the meters. 
the cross-spectral analysis functions of multiplication and i n t e p t i o n ,  result- 
ing i n  measurements proportional t o  the real and imsginsry parts of the cross- 
spectrum, respectively, on the two meters (Ref. 12). 

The signal . being cross-correlated with the input, e.g., the p i l o t  output, system error,  
The watthour meters then perform 

The subject f o r  the experiments was a lkvy test p i l o t  stationed a t  the IVavsl 
He was thoroughly trained on each of Air Test Center, Patuxent River, Wryland. 

the dynamic configmations t o  achieve a nearly stationery leve l  of performance. 
For the d a t a  runs the conditions w e r e  presented several  times in a randamized 
order t o  minimize any ef fec ts  due t o  order of presentation. The actus1 ozder 
used i s  apparent i n  Fig. l'?. 
series, two e f fo r t s  w e r e  rmde t o  enhance the generali ty of the results. 
first was t o  use spot checks on cer ta in  configurstions performed by two other 
Ikvy test p i lo t s .  
agreement w i t h  the data f o r  the first subject. 
of the data with previous single-loop results. 
t o  be accomplished only with Configuration A; however, the outer loop measure- 
ments in the other configurstions a l so  shared remrkably good agreemznt with 
some of the single-loop experimental dsta. 
subsection on outer loop control behavior. 

Although only one subject was used f o r  the en t i r e  
The 

The results obtained fromthese checks w e r e  i n  general 
The second was a careful tie-in 
These two e f fo r t s  w e r e  intended 

This will  be discussed in the 

As noted earlier, i f  the  crossfeed is absent the p i l o t  describing functions 
in the yaw rste loop, Y r ,  can be measured di rec t ly  from the simple r a t i o  of 
cross-spectra, 

whereas with cross-control the same cross-spectral r a t i o  contains two p i l o t  
describing functions which cannot be separated, i.e., 

An examination of the d a t a  on this cross-spectral r a t i o  c lear ly  indicated 
t h a t  the p i l o t  was cross-controlling i n  the multiloop configurations. 
instance, the data f o r  Configuration B, sham in Fig. 11 ,* cannot be fitted by 

%e small c i r c l e s  indicate the means of several runs, the short  horizontal 
l i n e s  indicate the means plus o r  minus one standard deviation, and the  slerU. 
numbers a t  the top of the figure indicate the number of runs which were averaged 
f o r  each frequency point. The number of runs i s  not the sam f o r  a l l  frequen- 
c i e s  because each run generally consisted of recording bank angle data at five 
frequencies and y a w  rate data a t  the other f i ve  frequencies. Siruultaneous 
recording of bank angle and yaw rate data a t  all t en  frequencies was not possible 
because of the limited number of watthour meters available. 

For 
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* 
the  simple describing function form which would be estimated t o  represent p i l o t  
closure of a yaw-rate-to-rudder loop on a single-loop basis. 
a composite of three different methods t o  f ind  values f o r  the p i lo t  crossfeed 
and yaw-rate-to-rudder describing functions which were both physically reason- 
able and coqe t ib l e  w i t h  the data. 

We therefore used 

The f irst  technique was t o  assume f o r  e i ther  the crossfeed, YcfJ o r  yaw- 
rate-to-rudder, Y r ,  describing function and t o  solve f o r  the other describing 
function from the equation 

h The second method used was t o  assume t h a t  the crossfeed and yaw-rate-to-rudder 
describing functions were constant between adjacent frequency points. Then by 
taking the cross-spectral data f o r  these frequency points, we effect ively had 
two equations i n  two unknowns. This unfortunately w8s not completely success- 
ful  because it required that  the cross-spectra change s ignif icant ly  between 
frequency points while the p i l o t  describing functions did not change s igni f i -  
cantly. 
f o r  the  various cross-spectra o r  r a t io s  of cross-spectra i n  which the e f fec ts  
of e i the r  the crossfeed o r  the yaw-rate-to-rudder closure would dcminate. 

t 

The t h i r d  technique used was t o  attempt t o  locate frequency regions 

Combining t h e  resu l t s  obtained from a l l  three approaches, the following can 
be stated: 

0 The nagnitude of the yaw-rate-to-rudder describing function 
i n  the region of crossover appears t o  be about t h a t  required 
t o  mximize the damping of the closed-loop dutch r o l l  mode 

0 There def ini te ly  was an aileron-to-rudder crossfeed 

0 The nagnitude of t h i s  crossfeed near the crossover frequency 
was roughly tht required t o  cancel the yaw acceleration 
produced by the ai lerons,  NL 
The crossfeed describing function included a l o w  frequency 
lag/lead which would reduce the cross-coupling e f fec ts  of Ni 

0 

To reinforce the p laus ib i l i ty  of these assumptions, consider Fig. 12. 

One curve i n  Fig. 12 i s  the pre-experimental estimate nade using the single- 
loop model and adjustment rules  t o  form a y a w  rate loop closure with no crossfeed. 
The experimental data have trends similar t o  the e s t m t e  i n  cer ta in  frequency 
regions, although the amplitude r a t i o  departs d ra s t i ca l ly  i n  the frequency 
region of 0.3 t o  1 .O rad/sec and the phase i s  generally t ranslated t o  the r ight .  
While it i s  theoret ical ly  possible t o  "resolve" these differences by assigning 
more equalization t o  the yaw r a t e  closure, the r e su l t  would demnd an  exceed- 
ingly complex pi lot  equalizing capacity which has no precedence. On the other 
hand, the provision of an aileron-to-rudder crossfeed which tends t o  cancel the 
N$ and NL aerodynamic cross-coupling has t he  basic e f f ec t  of m o d i f y i n g  the  
amplitude ra t io  and phase i n  precisely those regions where the pre-experimental 
estirmtes depart most drastically from the experimental resu l t s .  This is  shown 
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. 
i n  Fig. 12, where  the crossfeed i s  the simple lag/lead noted there. As can be 
seen, the amplitude f i t  i n  the region 0.3-1.0 rad/sec i s  improved consider- 
ably, as is  the phase f i t  in the region 1 - 2  rad/sec. The amplitude f i t  near 
4 rad/sec i s  not as good Kith the  crossfeed in, but that could probably be 
improved by additional modifications t o  Y r  and Ycf. Additional rst ionales f o r  
this explanation are provided by the p i lo t ' s  volunteered subjective impression 
tha t  this was precisely w h a t  he was attempting t o  do, and by the s imilar i ty  
between p i l o t  action and tha t  often used i n  autcmatic f l i g h t  controls t o  
achieve the same purposes. 

While some d i f f i cu l ty  was encountered i n  the interpretation of the inner 
loop d a t a ,  the results f o r  the  c o m n d  (bank angle) loop w e r e  quite c lear  and 
conclusive. 
i n  mgs. 1 3 - 1% and 1 4a - 14c. Also shown i n  the figures are the analytic 
curve f i ts  mde f o r  the describing function data. Values of the  describing 
function parameters f o r  a l l  f ive  configurations are listed in Table I1 along 
with similar parameters f o r  the K/s and K/s2 controlled elements from R e f .  1 .  

The measured banlr-angle-to-aileron describing functions are shown 

Comparisons of the en t r ies  i n  D b l e  I1 show the surprising resul t  t h a t  the  
p i l o t  character is t ics  in the c o m n d  loop w e r e  independent of his behavior i n  
the inner loops, i.e., the p i l o t  describing functions w e r e  the same for the 
stable, slightly unstable, and highly unstable configurations, A, B, and C, 
respectively. 
agreement with the single-loop experiments of R e f .  1. The ident ica l  control 
element was not tested i n  R e f .  1, but the bank angle tracking task with a stable 
dutch roll* should fall somewhere between the K/s and K/s2 experiments of Ref. 1. 
Not only are the cammad loop data and the single-loop data of R e f .  1 very 
similar, but it is, i n  fac t ,  apparent t h a t  the p i lo t  describing function model 
and adjustment rules of R e f .  1 can be carried over d i rec t ly  t o  the control of 
command loops i n  xuultiloop systems. 

I n  addition, the outer loop measurements w e r e  i n  very good 

Part icular ly  noteworthy i n  Table I1 are the values of the p i lo t  lead t i m e  

T h i s  i s  se t  t o  almost exactly cancel the r o l l  subsi- 
constant, TL, f o r  a l l  the configurations w i t h  input bandwidth of 1.6 rad/sec 
or below (A through D) .  
dence time constant, TR. 
Because the crossover frequency i s  unchanged, this has the e f fec t  of increasing 
the  phase rmrgin, which i n  turn results i n  a decrease in tracking er ror  under 
tbat  which would  be present i f  the change was not made. 
with i ts  single-loop equivalent described i n  R e f .  1 .  

For the larger bandwidth situation, TL i s  increased. 

This ef fec t  coincides 

The values f o r  crossover frequencyand phase rmrgin w e r e  obtained from the 
These cross-spectra can measured cross-spectra of input and bank angle error.  

be wri t ten 

where (cp/&,)eff i s  the effective bank-angle-to-aileron t ransfer  flmction, i.e., 
the q / 6 ,  response with a l l  p i lo t  inner loops closed, and & i s  the amplitude of 

*a&-angle-to-aileron response i s  closely approxinated by K/s(%s + 1 ), 
where !TR = 0.2 sec. 
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a n  input wave. 
computed from Eq. 12 using the measured c o m n d  bank angle e r ro r  cross-spectra 
O(pCve. 
that the  p i lo t  was able  t o  use the inner loops t o  keep the effect ive bank- 
angle-to-aileron response invariant with changes i n  dutch r o l l  s tab i l i ty .  

The curves superimposed on the d a t a  of Figs. 15 and 16 i l l u s t r a t e  the 
application of the  simple crossover model t o  these s i tuat ions.  This most simple 
of h m n  p i lo t  models, which w a s  evolved or iginal ly  f o r  very simple controlled 
elements, i s  seen t o  be reasonably valid i n  these far more complicated multiloop 
situations.  

The effective open-loop describing function, Y(P(’p/6a)eff, was 
’ 

These are shown i n  Figs. 15a - 15c and 1 6  - 16c. These figures show 

Performrnce l4earuree and Pi lo t  Elatir?ge 

The describing function results discussed above a l s o  correlate  w i t h  the 
measured tracking perfomnce.  Figure 17 shows the rms tracking er rors  for  
a l l  the data runs (practice runs mde the first day of the  tests are not shown). 
The tracking per fomnce  f o r  Configurations A (s table)  and B ( s l igh t ly  unstable) 
are essent ia l ly  the s a m e ,  while the errors  f o r  Configuration C (highly unstable) 
appear s l ight ly  less. Thus, of these three the p i l o t  did the best tracking when 
he was working the hardest i n  the inner loops. The e r ro r  trend with input band- 
width i s  as expected, increasing input bandwidth (Configurations D, B, and E) 
increased tracking errors .  

The rms e r ro r  d a t a  a l s o  correlate  f a i r l y  w e l l  with the  one-third l a w  ( R e f .  l ) ,  
i .e . ,  a ~ e / ~ ~ c  2 1 /fi q/Q. The one-third l a w  predicts  

1-11 dB f o r  Configurations A, B, and C 
U 
(Pe . - = { -1 3 dB f o r  Configuration D 

“(PC 

( -7 d~ f o r  configuration E 

The r m s  yaw r a t e  i s  shown i n  Fig. 18. 
s t a b i l i t y  is as would be expected-yaw rate increases as the dutch r o l l  insta-  
b i l i t y  i s  increased. 
as the yaw rates for  Configurations D and E are both la rger  than that f o r  
Configuration B. 

The variation with dutch r o l l  mode 

The variation with input bandwidth i s  somewhat peculiar, 

One f i n a l  b i t  of data worthy of note i s  the p i l o t  ratings. The severe 
degradation i n  p i l o t  ra t ing as the dutch r o l l  i n s t a b i l i t y  was increased i s  
sham below. 

P i  l o t  Rating 
(Cooper Scale) Configuration 

A (s table)  4 

B ( s l igh t ly  unstable) 6 

C (highly unstable) 8 



The less  severe e f fec ts  of input bandwidth are shown by: 

Input Bsndwidth p i lo t  Rating 
Configuration (rad/sec) (Cooper Scale) 

D 

B 

1.2 

1.6 

5 -5 

6 

E 2.4 7 

The p i lo t  ra t ing f o r  Configuration A can be compared with the r o l l  control 
experiments of R e f .  11. In those experiments a configuration of TR = 0.2 sec 
was rated 1-2.5 when the  control sensi t ivi ty  was optimum ( i n  our experiments 
the p i l o t  was allowed t o  select  the control sensi t ivi ty) .  
f o r  Configuration A is  apparently due t o  the nagnitude and frequency content of 
the  comnand input (the R e f .  11 experiments did not include an input). 

The poorer ra t ing 

This paper presents the results of research supported by the mn/&chine 

The authors wish t o  acknowledge 
Integrstion Branch, Ames Research Center, National Aeronautics and Space 
Administration, under Contract NAS2-1868-3. 
the e f f o r t s  of Mr. W. C. Reisener, Jr., of The Franklin Ins t i tu te ,  who provided 
invaluable contributions t o  the experiments and d a t a  reduction. 
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Both general and specific conclusions can be drawn from the d a t a  and analyses 
presented here. 
so only the general conclusions ai-e surmnarized below. 

The specific conclusions are given i n  the individual sections, 

0 For multiloop control si tuations w i t h  an integrated display, the 
quasi-linear p i l o t  model and adjustment rules evolved f o r  single- 
loop systems a r e  applicable t o  the multiloop system connrsnd loop. 

0 The single-loop p i lo t  model i s  a l so  applicable, with reservations, 
t o  inner loop closures. 

0 When it i s  advantageous t o  do so, a p i lo t  w i l l  adopt a control 
crossfeed t o  reduce the inadvertent excitations of a subsidiary 
or nuisance mode. 

0 Even while providing both crossfeed and inner loop damping, p i lo t  
pe r fomnce  in the comnnand loop-as measured by h i s  describing 
function and n u s  errors- can be as good as that in a single-loop 
task. His subjective opinion, however, w i l l  be severely degraded. 

0 When several  feedbsck poss ib i l i t i es  are present i n  a multiloop 
s i tuat ion,  the p i l o t  w i l l  select  those which permit the best 
dynamic performance with least p i lo t  effor t .  
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Figure i . Quasi-Linear Model for a Single-Loop Compensatory System 

Figure 2. Multiple Single-Loop Manual Control System 
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(b) Vehicle Equations of Motion / R e f  10) 

Figure 5.  Multiloop Control Task 
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The numerical values of the s t a b i l i t y  derivatives used i n  the m i n  experiments 
a r e  : 

-2 = -10 sec 

= 1 .O sec 

= 0.046 sec-' 

= 3.0 sec 

= 0.02 sec 

= -1.5 sec 

-2 

-1 

-1 

-1 

-1.5 sec-l f o r  Configuration A 
0.15 sec-' f o r  Configurations B, D, and E 1 0.75 sec-' f o r  Configuration C 

= 

= 0.02 

(pi lot  selected the control gains) 

The pertinent open-loop transfer functions can be wri t ten i n  the form: 

where 
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Numerical values of the transfer function fac tors  are tabulated below. 

ConfiQuration 
Fbctor units A B, E, E C - 

-1 sec 

-1 sec 

rsd/sec 

md/sec 

-1 

-1 

sec 

sec 

rad/sec 

-1 sec 

rsd/sec 

0.1 99 

5 -00 

0.746 

0 873 

0.671 

1 .OB 

0 

5 -00 

-0 9 075 

1 . o q  

-0.082 

1 . O B  

4.67 

6.07 

-0 055 

0.674 

5.02 

-0.033 

0.333 

-0.054 

5.01 

-0.347 

1.012 

-0.356 

1 -095 - 
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